1 2 1 3 Highlights 1
1 would usually begin the next wave of long-distance migration when adult offsprings emerged after at 2 least one generation's preparation [37] . Developmental periods of nymphs were investigated following the previous work with white-backed 5 planthopper, S. furcifera [14] . Considering the sex identification for the older nymphs used in the 6 following molecular, behavioral, and biochemical assays are difficult and nonessential, we counted 7 in both sexes for later data analyses of nymphal duration. Once the F1 adults emerged, individual N. 8 lugens from the NZMF and GMF were identified to sex and weighed using precision scales (XP2U, 9 Mettler Toledo International Inc., Columbus, OH, U.S.A.) with an accuracy of ± 0.1 μ g. The potential magnetoreceptor Crys (Cry1 and Cry2), and genes mediating Adipokinetic hormone 1 2 (AKH, AKHR) and neuropeptide Y (NPY)-like (NPF, sNPF) signalings which involves appetite 1 3 regulation were selected for transcript expression analysis by quantitative real-time polymerase chain 1 4 reaction (qRT-PCR) assay. Ten individual 4th or 5th instar nymphs, which were starved for one hour 1 5
were randomly mixed as one sample for each sampling time with six repeats (frozen at the same time 1 6 of 1000 hours by liquid nitrogen). RNA isolation, reverse transcription, and qRT-PCR assay were 1 7 conducted following previous work [13] . The reference genes in the transcript expression analyses 1 8
were RPL5 and 18S, and all primer information for this study was listed in Table S1 . 1 9 2.5. Electrical penetration graph (EPG) assay for feeding behavior of nymphs 2 0
The EPG assay was conducted to monitor the feeding behavior of the 5th instar nymphs. The test 2 1 arena was set up inside a Faraday cage using a GIGA-8 DC EPG amplifier system (EPG system, 2 2 Wageningen University) within the effective homogeneous area of the simulated magnetic fields. In 2 3 case of magnetic field anomaly, an aluminum holder was used for supplying test channel input 2 4 8 terminals, and nymph individuals were wired through gold wires and conductive silver glue 1 (diameter: length = 18.5 μ m: 3 cm) on their dorsum. The 5th instar nymphs randomly sampled 2 from different time after molting were used in the feeding behavior test. Nymphs are also starved for 3 one hour before the test, and EPG was continuously recorded for six hours. The start time for the 4 EPG assay was the same with daily sampling time for gene expression analysis (starve from 5 0900-1000 hours, and test from 1000-1600 hours which is in the middle of the objective light period).
6
Fifteen valid replicates under the NMZF vs. GMF were respectively conducted, and four hours of 7 records starting from the feeding beginning were analyzed with EPG Stylet + a software 8 (Wageningen Agricultural University, 2012). Other details of the EPG assay follow our previous 9 work with rice planthoppers [38] . The glucose content of the 5th instar nymphs was determined using commercial assay kits (Glucose 1 2 assay kit; Jiancheng Bioengineering Institute, Nanjing, China) according to the manual. Nymphs were starved for one hour before the test, and fifteen individual nymphs were randomly mixed as one 1 4 sample for each sampling time with six repeats. The daily sampling time is the same as that for gene All data were analyzed using SPSS 20 (IBM Inc., Armonk, NY, U.S.A.). In this study, all outcomes 1 8 were directly separated by sampling time (developmental stage) or sex to investigate the main effect 1 9 of the magnetic field. Therefore, we didn't take sampling time (developmental stage) or sex as the 2 0 fixed factor in general linear models, and no post-hoc multiple comparison test for the sampling time respectively. If those conditions were satisfied, a parametric one-way analysis of variance (ANOVA; 2 4 P < 0.05) was employed, if not, a two-tailed nonparametric Mann-Whitney U test was applied to 2 5 9 determine differences in measured variables between experimental groups for female, male, each 1 sampling time (developmental stage) or each specific feeding waveform. Effect sizes were estimated 2 using partial η 2 and Cohen's d for ANOVA (small effect: partial η 2 = 0.01; medium effect: partial male (-13.17%; F 1, 68 = 24.14, P < 0.001, partial η 2 = 0.26) adults were found in the current study 1 5 (Table 1) . It suggested that the GMF is indispensable to maintain the normal physiological 1 6 homeostasis, especially for the nymphs at 4th and 5th instar. Therefore, we chose the 4th and 5th 1 7
instar nymphs of N. lugens to explore the appetite regulation potentially influenced by the GMF. male under GMF, respectively. Newly emerged adults were measured for adult body weight. 5
Note: Different lowercase letters show significant differences between the GMF and NZMF tested respectively by 6 two-tailed Mann-Whitney U-test for the nymphal duration at the same developmental stage, and by one-way 7 ANOVA for the female or male adult body weight at P < 0.05. 8 9 3.2 Dynamic transcript expressions of magnetoreception-related Cryptochromes and appetite-related 1 0 genes at 24h and 48h after molting into the 4th or 5th instar 1 1
We then investigated the dynamic transcript expressions of multifunctional Cry1 and Cry2. As 1 2 expected, the Drosophila-like Cry1 [8, 40, 41] , which is the most promising magnetosensor so far, showed significantly up-regulated gene expression at 48h after molting into the 4th (+22.41%; F 1, 10 1 4 = 11.03, P = 0.008, partial η 2 = 0.52) and 5th (+27.12%; F 1, 10 = 14.34, P = 0.004, partial η 2 = 0.59) 1 5
instar under the NZMF compared with the GMF. We also found significantly altered Cry2 expression 1 6 1 1 pattern by elimination of the GMF at 24h after molting into the 4th (+32.32%; F 1, 10 = 22.02, P = 1 0.001, partial η 2 = 0.69) and 5th instar (+65.43%; F 1, 10 = 34.93, P < 0.001, partial η 2 = 0.78), and at 2 48h after molting into the 5th instar (-16.65%; F 1, 10 = 10.34, P = 0.009, partial η 2 = 0.51; Figure 1a ).
3
Indeed, the vertebrate-like Cry2 has also been found closely related to magnetoreception in 4 cockroaches [8, 42] , while because it was classified as vestigial flavoprotein [40] , and would unlikely 5 to be the magnetoreceptor, Cry2 may work together with another chromophore (e.g., FAD in 48h after molting into the 5th instar (+23.51%; F 1, 10 = 15.28, P = 0.003, partial η 2 = 0.60), while 1 7 AKHR, which is a typical G protein-coupled receptor, was significantly down-regulated at both 24h 1 8
(-41.93%; F 1, 10 = 31.21, P < 0.001, partial η 2 = 0.76) and 48h (-40.17%; c) after molting into the 5th 1 9
instar. AKH in Drosophila is an orexigenic neuropeptide, and the AKH deficiency by knockout AKH 2 0
or AKHR causes obesity with decreased food intake [29] . AKHR silencing was also reported to cause 2 1 obesity in N. lugens, while AKH application produced a slim phenotype [48] . Therefore, in our case 2 2 of the 5th instar nymphs, significant down-regulation of AKHR at 24h and 48h likely lead to 2 3
hypophagia. The AKH and its receptor AKHR may work reciprocally in the 5th instar nymphs of N.
2 4 lugens to maintain energy homeostasis stressed by the GMF absence. Two neuropeptide Y 2 5 1 2 (NPY)-like appetite regulatory factor, NPF and sNPF were also found sensitive to the GMF 1 elimination in both 4th and 5th instar nymph. For NPF, consistent significant down-regulation of 2 gene expression was found at 24h after molting into the 4th instar (-35.50%; F 1, 10 = 29.37, P < 0.001, 3 partial η 2 = 0.75) and at 48h after molting into the 5th instar (-16.16%; F 1, 10 = 11.16, P = 0.007, 4 partial η 2 = 0.53), which indicated a decreased appetite in the older nymphs. Similar significant 5 down-regulated gene expression of sNPF was found at both 24h (-19.84%; F 1, 10 = 13.11, P = 0.005, 6 partial η 2 = 0.57) and 48h (-17.03%; F 1, 10 = 10.04, P = 0.010, partial η 2 = 0.50; Figure 1b ) after 7 molting into the 5th instar. Only significant differences between NZMF and GMF for each gene at the same sampling time are 8 marked with asterisks tested by the one-way ANOVA at P < 0.05. 3.3 Analysis of feeding behavior of the 5th instar nymphs by the electrical penetration graph assay 1 It is reported that sNPF, unlike NPF, acts as a stimulating or suppressing factor in the more intricate 2 species-specific way [34] . Combing the facts that both AKH/AKHR and NPY-like signaling in the 3 5th instar nymphs all showed magnetic responses to the NZMF vs. GMF, we measured the feeding 4 behavior of the 5th instar nymphs to check the potential appetite down-regulation by the GMF 5 absence. As expected, a significant decrease in the N4b feeding waveform duration (-32.02%; F 1, 28 = 6 4.93, P = 0.035, partial η 2 = 0.15), which indicated decreased phloem ingestion [49] , suggested the 7 loss of appetite in the 5th instar nymphs under the NZMF vs. GMF. Hence, the sNPF in N. lugens 8 should be an appetite stimulator. In addition to the main nutrient intake feeding waveform N4b, 9 duration (+48.54%; F 1, 28 = 4.37, P = 0.046, partial η 2 = 0.14) and frequency (-43.41%; U 1, 28 = 1 0 170.00, P = 0.016, d = 0.97) of feeding pathway phase P and frequency of xylem feeding waveform 1 1 N5 (-66.67%; U 1, 28 = 164.00, P = 0.033, d = 0.85; Figure 2 ) of the 5th instar nymphs were also 1 2 significantly altered in the GMF absence vs. GMF [49] , which may be due to potential magnetic field transition phase between N4a and N4b; N4b, phloem ingestion waveform; N5, xylem feeding 6 waveform. n = 15 for each treatment and 4 hours of feeding behavior were recorded for each 7 nymph. Only significant differences between the GMF and NZMF are marked with asterisk tested by 8 one-way ANOVA for the duration or by two-tailed Mann-Whitney U-test for the frequency of 9 specific feeding waves at P < 0.05. 3.4 Glucose content of the 5th instar nymph 1 It is found that larvae of Drosophila with increased glucose level have an aversion to feeding. Thus, 2 glucose in fly biology was suggested as a potential negative regulator of appetite [35] . In this study, 3 elevated glucose levels were found in 5th instar nymphs at both 24h (+16.98%; F 1, 10 = 9.54, P = 4 0.011, partial η 2 = 0.49) and 48h (+20.05%; F 1, 10 = 9.86, P = 0.011, partial η 2 = 0.50; Figure 3 ) after 5 molting under the NZMF vs. GMF, which is consistent with the decreased phloem ingestion by the 6 5th instar nymphs in respond to the GMF absence (i.e., the NZMF). Taken together, magnetic field 7 effects on transcript expression patterns of orexigenic neuropeptide genes, feeding behavior, and 8 glucose level of older nymphs all pointed to the loss of appetite triggered by the GMF absence, 9 which is accord with our speculation. Therefore, the appetite down-regulation by the NZMF vs. Although environmental factors like temperature, photoperiod were reported to affect animal 8 appetite [51, 52] , it is still surprising that the GMF absence can result in altered feeding behavior 9 potentially by the appetite regulation, which ultimately contributes to the adult body weight loss. regulation is likely to be organized by the ROS. maintaining energy homeostasis, which is critical for animal migration (e.g., fuelling behavior 1 6 mediated by the GMF in several migratory birds) [11, [24] [25] [26] . Taken together, we presented the first 1 7 evidence in a nocturnal insect migrant that appetite-related performance can be influenced through 1 8 changes in GMF intensity, suggesting GMF as a cue of the complicated system in regulating animal 1 9 energy metabolism during migration. This work was supported by the National Natural Science Foundation of China (31701787,
